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of trkB null mice (Alcantara et al., 1997), and cell death Viale Marx 15 was greatly enhanced in trkB/trkC double mutants, sug-00137 Roma gesting that TrkB and TrkC receptors cooperate in proItaly moting the survival of specific CNS neuron populations 7 Dipartimento di Psicologia (Minichiello and Klein, 1996) . However, due to the preUniversitá di Roma "La Sapienza" mature death of trkB and trkC mutant mice, it remained Piazzale Aldo Moro 5 unclear whether or not this defect would result in a 00185 Roma decrease in cell numbers in the adult.
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In the intact CNS, neurotrophins promote structural changes in axonal and dendritic arbors. For example, BDNF and NT3 have opposing roles in regulating the Summary growth of basal dendrites of pyramidal neurons of the developing neocortex, suggesting interesting differBrain-derived neurotrophic factor (BDNF) and its reences in the signaling capabilities of the highly related ceptor TrkB regulate both short-term synaptic func-
TrkB and TrkC receptors (Shieh and Ghosh, 1997; tions and long-term potentiation (LTP) of brain syn-
McAllister et al., 1999). Neurotrophins regulate the activapses, raising the possibility that BDNF/TrkB may be ity-driven rearrangements that form eye-specific layers involved in cognitive functions. We have generated in the lateral geniculate nucleus and in ocular dominance conditionally gene targeted mice in which the knockcolumns in the visual cortex (Katz and Shatz, 1996; Penn out of the trkB gene is restricted to the forebrain and et al., 1999). Besides promoting structural changes, neuoccurs only during postnatal development. Adult murotrophins appear to modulate both short-term and tant mice show increasingly impaired learning behav-
long-term synaptic transmission (McAllister et al., 1999). ior or inappropriate coping responses when facing
For example, lack of BDNF in BDNF null mutant mice complex and/or stressful learning paradigms but sucimpaired CA3-CA1 hippocampal long-term potentiation ceed in simple passive avoidance learning. Homozy- TrkB protein in brains of trkB lox/lox mice. Protein lysates were prepared from adult brains of wild-type (wt) and trkB lox/lox mice, either in the absence (Ϫ) or presence (ϩ) of the neo cassette, subjected to immunoprecipitation (IP) using a pan-Trk antiserum followed by Western blot analysis using a specific anti-TrkB antiserum.
Note the reduction of gp145
TrkB levels in the presence of the neo cassette. All further work was therefore done with trkB lox/lox (neo Ϫ ) mice.
A major limitation for the study of neurotrophin functhat the BDNF/TrkB system directly regulates complex behavior. tions in the CNS has been the fact that the majority of mice deficient in either BDNF or TrkB die sometime between birth and weaning age, most likely due to respiratory failure (Erickson et al., 1996) . Thus, it has been Results unclear whether the impairments in synaptic functions would result in behavioral defects and if so, whether Region-Specific and Postnatal Inactivation of the Catalytic Isoform of trkB such defects would be limited to complex learning behavior or affect basic functions such as locomotion or We flanked (floxed) the second exon of the trkB tyrosine kinase region with two loxP sites by homologous recomvision. Because of the lack of proper animal models, behavioral tests had so far been limited to heterozygous bination in ES cells ( Figure 1A) , 1998) . While the expresand the phenotype may be a complex syndrome due to direct effects of the mutation and subsequent compension of gp145 TrkB receptors was reduced in neo ϩ mice, expression increased to normal levels after excision of sations by the neural system.
To circumvent these problems, we used the phage the neo cassette ( Figure 1C ). All subsequent work was performed using neo Ϫ mice. P1-derived CRE/loxP recombination system to restrict the trkB gene knockout with respect to space and time,
We next generated transgenic mice expressing the CRE recombinase under control of the CaMKII␣ proi.e., to postmitotic neurons of the anterior forebrain. These conditional trkB knockout mice were viable and moter ( Figure 2A ; see Experimental Procedures) (Mayford et al., 1996). To assess the regional and temporal developed without gross morphological defects. We now show that adult mutant mice exhibit a severe impairpattern of CRE activity in vivo, transgenic line CaMKII-CRE-159 (CRE-159) was crossed to a lacZ transgenic ment in spatial learning tasks and show reduced hippocampal LTP compared to wild-type mice. Since recomreporter mouse (Akagi et al., 1997), and brain sections were analyzed for CRE recombination by X-Gal staining bination did not start until the end of the second postnatal week, at a time when many of the CNS neu- (Figures 2B-2F ). Before postnatal day 15 (P15), no or little X-Gal staining was detected in doubly transgenic ronal pathways are established, these results suggest mice (data not shown). At or after P20, CRE recombinaviable and fertile and showed no gross pathologies (see below). Western analysis of gp145 TrkB protein revealed tion was specifically observed in the forebrain in a pattern somewhat resembling the previously published a consistent 2-fold reduction in adult heterozygotes (trkB lox/ϩ ;CaMKII-CRE or trkB lox/null mice) and a nearly strain T29-2 (Tsien et al., 1996) , including pyramidal neurons of the hippocampus (strong staining in CA1, lighter complete loss of the protein (on average 86%) in hippocampus and anterior forebrain in all trkB-CRE mice staining in CA3 and dentate gyrus), neocortex, striatum, and amygdala. Few labeled cells were observed in the tested (n ϭ 8) ( Figure 3A (data not shown). The neocortex showed the normal CA1 region of the hippocampus was reduced by 23% in trkB-CRE mice compared to trkB lox/ϩ mice ( The normal lifespan and the lack of significant developmental abnormalities of trkB-CRE mice allowed us to normal mossy fiber projections to the CA3 region (Figures 4E and 4F ). In the CA1 region of trkB-CRE mice, perform behavioral tests to assess the importance of TrkB receptor signaling for complex cognitive functions the intensity and pattern of the dendritic marker MAP2 was indistinguishable from controls ( Figures 4G and 4H) .
as well as their physiological correlates. Spontaneous activity of trkB-CRE mice in an open field arena was Golgi stains of CA1 pyramidal neurons revealed qualitatively normal cell morphology with respect to soma size, similar to controls, and trkB-CRE mice were not excessively hyperactive, such as mice with defects in the cell shape, and dendritic branching ( Figures 4I and 4J ). Using electron microscopy, trkB-CRE mice showed dopaminergic system (Xu et al., 1994). In fact, dopamine levels in the striatum of trkB-CRE mice, assessed by normal structural features of pyramidal neurons and astroglia. In contrast to the findings in trkB Ϫ/Ϫ mice (Mar-HPLC and amperometric detection, were normal (data not shown). Furthermore, we did not find evidence for tinez et al., 1998), there was a normal asymmetric synapse morphology, including synaptic vesicles and postloss of dopaminergic neurons in trkB-CRE mice, based on the normal immunoreactivity for tyrosine hydroxylase synaptic density ( Figures 4K and 4L ). Preliminary counts did not suggest reductions in synapse number (data not in striatum and substantia nigra (data not shown).
To assess spatial learning, mice were tested in the shown). BDNF Ϫ/Ϫ mice had previously been found to have defects in CNS myelination (Cellerino et al., 1997).
Morris water maze (Morris, 1982) , in which mice have to swim in opaque water and learn, using external visual We found that the number of myelinated axons in the cues, to find a platform hidden beneath the water surface in a constant location. With the experimenter blind with respect to genotype, mice were trained for 30 trials in the hidden platform version (18 trials acquisition phase followed by 12 trials reversal with the platform in a new location). Afterward, a subgroup of animals was tested for 12 trials with the platform marked with a flag (visible test) and moved to a new location for every trial. In order to check the effects of prolonged training, the other subgroup received an additional 18 training trials in the hidden platform version ( Figure 5A ). To assess if the animals had remembered the location of the platform or whether they used nonspatial strategies to find the platform, each acquisition phase was followed by a probe trial, in which the platform was moved to the opposite quadrant. As in the open field test, the performance of wild-type, heterozygotes, and CRE-159 mice was statistically indistinguishable. In contrast, trkB-CRE mice were dramatically impaired in all phases of water maze training, except for the first trial where they showed swim times indistinguishable from controls (Figures 5A-5C). During both training phases with a hidden platform and despite extended training, trkB-CRE mice had to be qualified as complete nonlearners because their escape latencies (time required to reach the platform) did not decrease over time ( Figure 5A ). Their escape latencies began to decrease only when the platform was made visible, confirming that trkB-CRE mice are able to process visual information. Overall performance in the visible test remained poor compared to controls, an effect previously observed in hippocampal lesioned mice (Logue et al., 1997). The failure of trkB-CRE mice to learn the water maze test was largely due to their excessive wall hugging (thigmotaxis) and floating behavior ( Figure 5B ). Passivity was less prominent during the retest phase, indicating that it was not due to physical weakness. During probe trials, control mice crossed the former goal annulus more frequently than respective control sites in other quadrants (data not shown) and spent more time in a circular zone around the former goal ( Figure 5C ). In contrast, trkB-CRE mice showed no spatial preference for the goal area, neither in the first probe trial (ANOVA zone time: genotype F(63,1) ϭ 12.044 p Ͻ .0009, interaction genotype*place not significant) nor after additional training in the second probe trial (ANOVA zone time: F(21,1) ϭ 19.072 p Ͻ .0003, interaction genotype*place F(21,1) ϭ 9.861 p Ͻ .0049).
Partial Impairment of trkB-CRE Mice in the Eight-Arm Radial Maze
These findings suggested that trkB-CRE mice had a severe defect in complex spatial learning requiring the establishment of long-term spatial reference memory, which includes both the memory of distant cues and Figure 6B ). This indicates stressful situations, the mice were subjected to a less stressful task also known to depend on an intact hippothat the mutants committed more errors during their attempts to find the one or two last arms still containing campus, the eight-arm radial maze (Olton et al., 1978; Rossi-Arnaud and Ammassari-Teule, 1998). During this baits, while control mice were merely correcting single errors committed during the last phase of the session, test, mice run freely about the maze and are permitted which is most demanding in terms of short-term spatial to use olfactory, kinesthetic (consecutive choices to admemory. jacent arms), and spatial information to perform the task. All eight arms were baited at the beginning of each session, and the baits were not replaced. Reentering a trkB-CRE Mice Succeed in Less Demanding Learning Tests previously visited arm was counted as an error. This paradigm assesses the capacity of short-term spatial
The complete failure in the more stressful water maze test compared to only partial failure in the eight-arm memory (working memory) by measuring whether the animals can remember a sequence of previously visited maze suggested abnormal coping responses to stress in trkB-CRE mice. We therefore analyzed their perforfeeding sites. Analysis of the number of correct arm choices (during the first eight choices) in each trial mance in simple learning tests involving aversive stimuli. The passive avoidance (one trial inhibitory avoidance) showed that all mice learned the radial maze (p ϭ 0.0001). Although the increase in correct responses was test makes use of the natural tendency of mice to move from an illuminated into a dark compartment (Cahill and also significant in the mutants (p ϭ 0.005), they showed significantly poorer learning compared to both wild-type McGaugh, 1990). During training, the mouse is placed into the illuminated compartment, and the time to enter and heterozygotes (p Ͻ 0.0004 and p Ͻ 0.002, respectively) ( Figure 6A ). The analysis of the error scores rethe dark compartment is recorded (step-through latency). Mice then receive two electric foot shocks in the vealed significantly higher error scores in the mutants after stimulation was 149.1 Ϯ 7.5% (n ϭ 23 slices) for field EPSP was in all cases reduced to zero when the wild-type, 126.9 Ϯ 5.9% (n ϭ 62) for heterozygotes, and NMDA receptor antagonist AP-5 was added.
Ϯ 5.1% (n ϭ 30) for trkB-CRE mice (see Figure
To test if the impaired LTP was due to impaired fiber 8B). The difference between wild-type and mutants (P ϭ function or to altered release probabilities of CA3 axon 0.003; two-tailed t-test) and the difference between hetterminals, we analyzed the EPSP slope during theta erozygotes and trkB-CRE mice (P ϭ 0.02) were signifiburst stimulation (Figures 9D-9F ). Synaptic fatigue durcant. Especially in the first 40 min of recording after TBS, ing high-frequency stimulation was observed in all genoheterozygotes show a higher amount of potentiation in types. To quantitate this effect, we compared the fourth comparison to trkB-CRE mice, whereas the difference response in relation to the first response in a burst of at 60 min is also significant but much smaller (Figure four stimuli (one burst consists of four stimuli with 100 8B). It is noteworthy that mutant animals show a slow Hz, given 10 times with an interstimulus interval of 200 decline of their already small LTP over time (see, e.g., ms) and calculated this ratio for all three theta bursts the last 40 min of recording in Figure 8B ). This might given. There was no statistically significant difference indicate that even in those animals in which LTP can be between all genotypes (p Ͼ 0.1, t-test). In summary, induced, a later phase of LTP is significantly affected.
our electrophysiological experiments revealed normal Figure 8C shows the cumulative distribution of synaptic synaptic transmission but impaired synaptic strengthenhancements 30 to 60 min after TBS for all animal ening in heterozygous and trkB-CRE mice. types. These distributions show that in wild-type mice the enhancement in most cases is greater than 140%, Discussion whereas the enhancement for heterozygotes and trkB-CRE mice in only a few cases substantially differed from Here, we have shown that the TrkB receptor tyrosine 100%. The distribution of heterozygous and trkB-CRE kinase is an essential component of the protein kinase mice is also different: heterozygous show more data cascades regulating synaptic plasticity and behavior. points with a higher potentiation on average. Similar Because the behavioral changes are associated with results were obtained when LTP was induced using tetastrongly reduced expression of TrkB across most forenus stimulation ( Figures 8D, 8E , and 8F), indicating that brain structures, sparing inhibitory interneurons, there the impairments in LTP in both heterozygotes and trkBis no satisfactory lesion model of single structures ex-CRE mice were not specific to theta burst stimulation. It plaining the observed behavioral changes. The best deis important to point out that also for tetanus stimulation, scription would be that of a moderate "hippocampal heterozygous and trkB-CRE mice are significantly difplus" lesion syndrome, as the behavioral effects include ferent (p Ͻ 0.05, t-test, two-tailed, Figures 8E and 8F to be seen whether the missing deficit of the trkB-CRE The reduction of the signal was 71.1 Ϯ 6.8% in trkB-CRE mutants in passive avoidance indicates some degree of mice, compared to 70.5 Ϯ 4.3% in control and 72.1 Ϯ sparing of hippocampus or other structures mentioned 5.2% in heterozygous mice (Figures 9B and 9C) . There above or whether it reflects the simplicity of the task was no statistical difference between all three genotypes ( p Ͼ 0.1, t-test) . This NMDA component of the that makes it suitable for compensatory mechanisms. It appears that procedural long-term memory (how to episodic memory in trkB mutant mice will require, however, the development of new behavioral tests. do it) and sensory memory is relatively spared in the trkB-CRE mutants as evidenced by clear learning across
The only significant morphological alteration that was found in trkB-CRE mice was a mild reduction in myelinseveral tasks. On the other hand, the problem of these mice seems to be the impaired short-term adaptation ated axons in the hippocampus that may occur to a similar degree elsewhere in the brain. This defect is of behavior as soon as the task gets difficult or stressful. This may even prevent acquisition of a particular task.
unlikely to produce general hippocampal dysfunction, since all basal synaptic parameters were found to be For example, the persistent thigmotaxis in the water maze does clearly prevent learning of this task, making normal in all genotypes. Heterozygous mice, which show no reduction in myelinated axons, display markit impossible to determine whether or not the trkB-CRE mutants have a spatial memory deficit. In the radial edly reduced LTP (see below), indicating that other functions of TrkB are responsible for long-term synaptic enmaze, the mice accumulate perseverative errors at the end of the task when it is getting difficult. However, the hancement. Finally, even severely demyelinated animals such as mutants carrying shiverer alleles apparently learning curve indicates that long-term memory must be present. This can also be observed in contextual fear show normal learning behavior in the radial maze (Inagawa , 1998) and to control the were incubated with specific antibodies, and products were anawere maintained at their reduced weights by being fed a premeasured amount of chow each day. The apparatus was a gray plastic lyzed as previously described (Minichiello et al., 1998 in the trkB mice (data not shown). For two-way avoidance test, mice were pooled, because they showed no significant difference mice were placed in sound-proof computer-operated shuttle boxes in LTP size, successful induction of LTP, or PPF (in all cases t-test, (Campden Instruments). After 2 min during which mice were left two-tailed, p Ͼ 0.1). All measurements were carried out and analyzed undisturbed (presession), conditioning light stimulus lasting 5 sec in a strictly blind fashion-the distribution of the slices into the was delivered and followed by 10 sec electric shock of 0.15 mA of incubation chamber was done by a second experimenter so that intensity. Intertrial interval varied between 5 and 15 sec. The animals the investigator performing the measurements had no way of telling performed 80 trials a day for 5 days.
from which type of slice he was recording. Additionally, the genotype For the one-trial inhibitory avoidance, mice were trained in an of all animals was only revealed after the electrophysiological experapparatus in which a straight alley was divided into two compartiments and their evaluation. On each experimental day, two mice ments. The smaller compartment was made of white Plexiglas. The from the same litter were tested. larger one was made of black Plexiglas and was equipped with a Pharmacology: after 30 min baseline recording, DNQX (DNQX ϭ removable cover of the same material to allow the compartment to 6,7-dinitroquinoxaline 2,3-dione, 10 M) in low Mg 2ϩ (1 mM) ACSF be in darkness. A tensor lamp illuminated the small compartment.
was applied via the bath. After 20 min, AP-5 (DL-2-amino-5-phosThe floor of the larger compartment consisted of two oblique stainphonovalerate, 50 M) together with DNQX were applied for 30 min less steel plates folded at the bottom through which a constant to the same slice. current could be delivered. On the training day, each mouse was placed in the lit compartment, facing away from the dark compartAcknowledgments ment. When the mouse had stepped with all four paws into the dark side, the door was closed, the step-through latency was recorded,
We (to D. P. W.). For the radial maze test, the animals were singly housed with water provided ad libitum. Mice were gradually reduced to 85% of their free-feeding body weight and, throughout the experiment, they Received June 29, 1999; revised July 12, 1999.
